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1. Introduction {#open201900045-sec-0001}
===============

Cysteine is an essential biothiol in organisms that plays many crucial roles in metabolism.[1](#open201900045-bib-0001){ref-type="ref"}, [2](#open201900045-bib-0002){ref-type="ref"}, [3](#open201900045-bib-0003){ref-type="ref"}, [4](#open201900045-bib-0004){ref-type="ref"} Cysteine is not only an essential amino acid in protein synthesis but also reacts to form a disulfide bond to maintain protein spatial structure.[5](#open201900045-bib-0005){ref-type="ref"}, [6](#open201900045-bib-0006){ref-type="ref"}, [7](#open201900045-bib-0007){ref-type="ref"} Furthermore, cysteine plays a significant role in maintaining redox homeostasis.[8](#open201900045-bib-0008){ref-type="ref"},[9](#open201900045-bib-0009){ref-type="ref"} Inordinate cysteine levels are often associated with serious diseases, including abnormal hematopoiesis, Alzheimer\'s disease, neurotoxicity, and liver damage.[10](#open201900045-bib-0010){ref-type="ref"}, [11](#open201900045-bib-0011){ref-type="ref"}, [12](#open201900045-bib-0012){ref-type="ref"}, [13](#open201900045-bib-0013){ref-type="ref"} Given that cysteine, GSH, and Hcy contain sulfhydryl, specifically differentiating cysteine from GSH and Hcy is difficult.[14](#open201900045-bib-0014){ref-type="ref"}, [15](#open201900045-bib-0015){ref-type="ref"}, [16](#open201900045-bib-0016){ref-type="ref"}, [17](#open201900045-bib-0017){ref-type="ref"}, [18](#open201900045-bib-0018){ref-type="ref"}, [19](#open201900045-bib-0019){ref-type="ref"}, [20](#open201900045-bib-0020){ref-type="ref"} Hence, developing a fluorescent probe with high selectivity for cysteine detection in vivo is necessary.

Florescence imaging technology had been widely used in the past decades for in vivo imaging of reactive oxygen species (ROS)[21](#open201900045-bib-0021){ref-type="ref"}, [22](#open201900045-bib-0022){ref-type="ref"}, [23](#open201900045-bib-0023){ref-type="ref"} and reactive nitrogen species (RNS)[24](#open201900045-bib-0024){ref-type="ref"},[25](#open201900045-bib-0025){ref-type="ref"} because of its numerous advantages, such as reduced phototoxicity, real‐time and in situ imaging, high selectivity, and good sensitivity.[26](#open201900045-bib-0026){ref-type="ref"}, [27](#open201900045-bib-0027){ref-type="ref"}, [28](#open201900045-bib-0028){ref-type="ref"}, [29](#open201900045-bib-0029){ref-type="ref"}, [30](#open201900045-bib-0030){ref-type="ref"}, [31](#open201900045-bib-0031){ref-type="ref"}, [32](#open201900045-bib-0032){ref-type="ref"}, [33](#open201900045-bib-0033){ref-type="ref"} Therefore, a new and easily synthesized fluorescence probe should be developed to monitor the cysteine level in situ and in real time.

In the present study, we synthesized the new florescence probe called P−Cy to image the cysteine level. P−Cy was designed following a photo‐induced electron transfer (PET) principle.[26](#open201900045-bib-0026){ref-type="ref"},[34](#open201900045-bib-0034){ref-type="ref"},[35](#open201900045-bib-0035){ref-type="ref"} Merocyanine (Cy−Ph) was used as chromophore due to its extraordinary optical properties[36](#open201900045-bib-0036){ref-type="ref"} and acryloyl as recognition group.[26](#open201900045-bib-0026){ref-type="ref"},[37](#open201900045-bib-0037){ref-type="ref"},[38](#open201900045-bib-0038){ref-type="ref"} When cysteine was absent, the PET‐induced quenching effect caused inconspicuous florescence intensity (FI) of P−Cy. After reaction with cysteine, P−Cy emitted bright florescence due to PET blocking (Figure [1](#open201900045-fig-0001){ref-type="fig"}). P−Cy could be easily synthesized in the lab with high yield of 63.16 % under mild conditions. The ^1^H NMR, ^13^C NMR and HRMS data were shown in supporting information. The fluorescence probe P−Cy was successfully applied to cysteine imaging in vitro with high selectivity and good sensitivity, both in cells and in vivo.

![Schematic design and recognition mechanism of P−Cy.](OPEN-8-316-g001){#open201900045-fig-0001}

2. Results and Discussion {#open201900045-sec-0002}
=========================

The absorption and emission spectra of TP−Cy in physiological condition was measured to understand its OP and TP fluorescence properties. The probe showed the maximum absorption peak at 520 nm (Figure [2](#open201900045-fig-0002){ref-type="fig"}a), and the emission peak was at 557 nm when it was excited at 520 nm in PBS buffer (pH 7.4). After reaction with cysteine in PBS buffer at 37 °C (pH=7.4, 0.5 % DMSO, v/v), the emission fluorescence intensity (FI) of P−Cy (5 μM) was significantly enhanced at 557 nm accompanied with increased fluorescence quantum yield (from 0.16 to 0.52). These data supported the design principle of the probe, causing PET to become blocked after reaction with cysteine followed by fluorescent recovery.

![Photophysical properties and selectivity of P−Cy. (a) Absorption spectra of P−Cy when cysteine, GSH and Hcy present or absent. (b) Fluorescent spectra of P−Cy with increasing concentration of cysteine. (c) Linear relationship between FI of P−Cy and cysteine. (d) Fluorescence responses of P−Cy to different competing species: ROS, RNS, RSS, Ca^2+^, Cd^2+^, Cu^2+^, Fe^2+^, K^2+^, Li^2+^, Mg^2+^, Mn^2+^, Na^+^, Ni^2+^, Arg, Asp, Glu, Gly, His, Ile, Lys, Met, Phe, Pro, Ser, Thr, Val, Hcy, GSH and cysteine. Error bars represent standard deviation (n=3).](OPEN-8-316-g002){#open201900045-fig-0002}

Subsequently, the correlation between FI and cysteine concentration was investigated. As shown in Figure [2](#open201900045-fig-0002){ref-type="fig"}b, along with the incremental concentration of cysteine (0 to 150 μM) reacting with 5 μM P−Cy in PBS, the FI of the reaction product gradually increased. We made a scatter plot by utilizing the cysteine concentration and FI data. We found that they exhibited a good linear relationship with R^2^=0.996 (Figure [2](#open201900045-fig-0002){ref-type="fig"}c). The limit of detection (LOD) of P−Cy was calculated as 0.82 μM. These results showed that P−Cy had an excellent response to cysteine in physiological conditions, and its FI could reflect the cysteine concentration. Then, the P−Cy response toward cysteine under fluctuant pH in physiological range (5.0‐8.0) was investigated (Figure S2), suggesting that the P−Cy probe could be used in vivo to sense the cysteine fluctuation in neutral pH.

We examined whether other relative biotic components interfered with P−Cy and cysteine reaction. We tested the response of P−Cy toward various ROS (H~2~O~2~, ^.^OH and O~2~ ^.−^), RNS (NO, ONOO^−^ and ROO^.^), RSS (NaHSO~3~ and NaHS), amino acids, metal ions, GSH and Hcy. As shown in Figure [2](#open201900045-fig-0002){ref-type="fig"}d and Figure S3, scarcely any influence on P−Cy fluorescence was observed after the addition of these interfering species, indicating that P−Cy possessed extremely high selectivity toward cysteine. Besides, the photostability and cytotoxicity of P−Cy were investigated (Figure [3](#open201900045-fig-0003){ref-type="fig"}). The results showed that the FI of P−Cy with cysteine reached the platform in 10 min and exhibited stable FI for at least 20 min. In addition, no obvious cytotoxicity was observed by the tetrazolium based colorimetric (MTT) assay when 30 μM P−Cy was used.

![The photostability and cytotoxicity of P−Cy. (a) The FI of free P−Cy and P−Cy with cysteine, GSH and Hcy in 30 min. (b) The cytotoxicity of P−Cy were tested by MTT assay. Error bars represent standard deviation (n=3).](OPEN-8-316-g003){#open201900045-fig-0003}

The application of P−Cy as fluorescent probe for cysteine imaging in cells was evaluated. The probe was used in human lung adenocarcinoma cells (A549) for the fluorescent imaging of endogenous and exogenous cysteine. The cells were divided to five groups, and a thiol‐blocking reagent N‐ethylmaleimide[39](#open201900045-bib-0039){ref-type="ref"} (NEM, 1 mM) was incubated with each group of cells, except the control group, before P−Cy (5 μM) was loaded. As shown in Figure [4](#open201900045-fig-0004){ref-type="fig"}a, prominent fluorescence was shown in control group cells, which was only incubated with P−Cy, indicating that P−Cy could successfully sense the endogenous cysteine level in the cell. Then NEM was pretreated with cells for 30 min to clear the endogenous thiols, and nearly no fluorescence was observed (Figure [4](#open201900045-fig-0004){ref-type="fig"}b), suggesting that extremely low concentration of cysteine was left after NEM incubation (8.9‐fold decrease than control group). Subsequently, cysteine (1 mM), GSH (10 mM), and Hcy (10 mM) were incubated with NEM‐pretreated cells respectively. Figure [4](#open201900045-fig-0004){ref-type="fig"}d and 4e shows that although high concentrations of GSH (1.1‐fold enhancement than NEM‐cells) and Hcy (1.3‐fold) were added into cell incubation buffer, the FI of P‐Cy was still faint. However, when NEM‐pretreated A549 cells were incubated with 1 mM cysteine (Figure [4](#open201900045-fig-0004){ref-type="fig"}c), significant fluorescence was observed (3.4‐fold), proving that P−Cy could detect exogenous cysteine in cells. These imaging data demonstrated that P−Cy was capable of imaging endogenous and exogenous cysteine level in cells with high selectivity in real‐time.

![Fluorescence images of P−Cy in A549 cells. (a) Control group cells. (b) NEM group cells. (c) Cysteine group cells. (d) GSH group cells. (e) Hcy group cells. (f) FI of P−Cy in different groups of cell. All cells were incubated with 5 μM P−Cy for 10 min before imaging. λ~ex~=514 nm; λ~em~=540--650 nm. Scale bar=10 μm. Error bars represent standard deviation (n=5).](OPEN-8-316-g004){#open201900045-fig-0004}

Because of the outstanding performance of P−Cy on cysteine imaging in cells, we employed it to image cysteine in vivo under 514 nm excitation. The 16--18 g female BALB/c mice were used and injected with P−Cy (25 μM, 100 μL) into the abdomens of mice. All mice were purchased from The Animal Living Center of Shandong University. The animal experiments were approved in compliance with the relevant laws and guidelines issued by the Ethical Committee of Shandong University and were in agreement with the guidelines of the Institutional Animal Care and Use Committee. As shown in Figure [5](#open201900045-fig-0005){ref-type="fig"}, the red fluorescence gradually increased over time with 514 nm excitation, reaching the platform with the strongest fluorescence intensity at 9 min. Then we scanned the fluorescence imaging depth, as shown in Figure [6](#open201900045-fig-0006){ref-type="fig"}, the fluorescence imaging depth reached to maximum 80 μm. This result demonstrated that P−Cy could be applied for cysteine detection in vivo.

![Fluorescent imaging of cysteine in mice with increasing time. (a) Fluorescent imaging of P−Cy (20 μM) response to cysteine with different time. (b) FI of P−Cy from images (λ~ex~=514 nm; λ~em~=540--650 nm). Scale bar=20 μm. Error bars represent standard deviation (n=5).](OPEN-8-316-g005){#open201900045-fig-0005}

![Fluorescent imaging of cysteine in mice in vivo. λ~ex~=514 nm; λ~em~=540--650 nm. Scale bar=20 μm.](OPEN-8-316-g006){#open201900045-fig-0006}

In summary, we described the new easily synthesized fluorescence probe P−Cy for cysteine detection in vitro and in vivo. P−Cy could be used for the fluorescence imaging of cysteine in cells and in vivo with high selectivity, good sensitivity, and low cytotoxicity. With these outstanding advantages, the probe possesses enough superiority to be commercially produced in the future. We believe the P−Cy can be a practical tool as a cysteine indicator in biological and clinical medical research.
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